1. Introduction {#sec1}
===============

Skin is the most extensive and diverse organ of the human body.[@bib1] General skin condition is one of the important indicators of health. Its ill appearance resulting from dermatitis affects the mental condition of the patient, and above factors play a vital role in the progression and treatment of chronic skin diseases.[@bib1] Atopic dermatitis is classified as a chronic inflammatory skin disease, distinguished by invasive leukocytes, restructuring in skin barrier function, high percentage of water loss, decreased water retention capacity, a low percentage of lipids and ceramides.[@bib2] Such events results in distressful symptoms associated with the chronic disorders like inflammation and itching that leads to skin irritation.[@bib2], [@bib3] Xerosis, a common skin condition displays several symptoms like external aggression, senescence to drugs, infection, and atopic dermatitis.[@bib4] The stratum corneum of patients suffering from atopic dermatitis shows low hydration, altered barrier function, increase in trans-epidermal water loss, and increase in thickness of stratum corneum.[@bib4], [@bib5]

Inflammation occurs in response to stimuli such as, infections and tissue injury.[@bib6] However, uncontrolled or sustained inflammation triggers several pathophysiological conditions like bacterial sepsis, rheumatoid arthritis, and skin inflammation.[@bib6], [@bib7] The skin as a prime boundary between the body and external abiotic conditions, acts as the first line of defence against trauma-related injuries and invasion by microbial pathogens. In addition to physical barrier function, the skin possess several active defence mechanisms[@bib8] and regulation of these mechanisms is crucial, as inappropriate or misdirected immune activity is involved in the pathogenesis of several inflammatory skin disorders. Some of these conditions are medicated with ease, whereas treatments for chronic inflammatory diseases like psoriasis and atopic dermatitis are not 100% successful.[@bib9] Levels of cytokines and reactive oxygen species proffer in contributing to the mechanistic actions related with various inflammatory skin disorders.[@bib10]

Cytokines, prostaglandins, leukotrienes and the pro-inflammatory molecules trigger the release of inflammatory mediators to the site of infection that is widely recognized by cutaneous inflammation.[@bib11], [@bib12]

Recently skin therapies highlight on combinational treatment like use of moisturizer, antibiotics, anti-histamine and corticosteroids for the treatment of skin inflammation in order to repair altered skin barrier function and reducing itch.[@bib13] However the use of steroids for immunosuppression and long term topical application lowers the collagen percentage causing atrophy of the skin.[@bib13] Because of these risks, new therapeutic approaches are being intensively investigated. Various plant species contain several bioactive components displaying health beneficial roles like anti-oxidative, anti-inflammatory, antimicrobial effects, thus increasing their use for therapeutic purposes. For development of anti inflammatory therapeutics, several plant-derived natural products have been tested in animal models.[@bib14], [@bib15] Thus, naturally-derived plant products are emerging as a novel alternative to present certain diseases produced by free-radicals either in humans, food and cosmetics.[@bib16] Research revealed that essential oils are natural volatile compounds that exhibit strong odours and are produced as secondary metabolites by aromatic plants.[@bib17] Historically, they have been used for various medicinal purposes, ranging from skin problems to cancer treatment and are known for their antimicrobial, anti-inflammatory, sedative and analgesic properties.[@bib18]

Virgin coconut oil (VCO) is processed natural oil obtained from fresh, mature coconut kernel.[@bib19] It displays several biological activities like anticancer, antimicrobial, analgesic, antipyretic, and anti-inflammatory properties *in vivo*.[@bib20], [@bib21], [@bib22] Traditionally, coconut oil is used to moisturize and treat skin infections. The emollient effect of coconut oil has been successfully demonstrated in atopic dermatitis patients, thereby showing that coconut oil is a potent natural emollient to be used in treatment of xerosis.[@bib23] The effectiveness and safe use of VCO for its application as a therapeutic moisturizer has been reported earlier for mild to moderate xerosis.[@bib24] However, there is no report available on anti-inflammatory and skin barrier function of VCO *in vitro*.

The aim of this study was to investigate the effect of VCO on selected inflammatory cytokines and to study its effect on skin hydration and barrier function *in vitro*. The *in vitro* skin irritation, UV protection and phototoxicity potential of VCO was also evaluated.

2. Material & methods {#sec2}
=====================

2.1. Cell lines and its maintenance {#sec2.1}
-----------------------------------

HaCaT (Human keratinocytes), THP-1 (Human monocytes) and NIH3T3 (mouse embryonic fibroblasts) were obtained from National Centre for Cell Science, Pune, India. HaCaT, NIH3T3 and THP-1 cells were grown in Ham\'s F12 DMEM (high glucose) and RPMI 1640, respectively. Reconstructed human epidermis was obtained from Skin Ethic, France. All media were supplemented with 10% heat inactivated fetal bovine serum, penicillin (100 U/mL) and streptomycin (100 μg/mL) and cultured under a humidified atmosphere (95% air and 5% CO~2~) at 37 °C and the monolayer cultures were routinely subcultured by using trypsin--EDTA.

2.2. Chemicals {#sec2.2}
--------------

Ham\'s F12, DMEM (high glucose) and RPMI 1640 medium, 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT), 2′,7′-dichlorofluorescin diacetate (DCFDA), Neutral red dye, dimethyl sulfoxide (DMSO) were obtained from Sigma Chemicals, Bangalore, India. Fetal Bovine Serum (FBS) was purchased from Invitrogen, USA. Glacial acetic acid, absolute ethanol, ethylene diamine tetra acetic acid (EDTA) was procured from Merck, India. Trypan blue was purchased from HiMedia Labs, India. ELISA kits for human TNF-α, IFN-γ, IL-6, IL-8 and IL-5 were purchased from Krishgen Biosystems, Mumbai, India. ELISA kits for human Involucrin and Filaggrin were purchased from Cloud-Clone Corp., USA. All the molecular biology reagents for PCR were obtained from Bio Rad, USA. Virgin Coconut Oil was obtained from Central Plantation Crops Research Institute (CPCRI), Indian Council of Agricultural Research, Government of India, Kasaragod, India.

2.3. Gas chromatography-FID analysis {#sec2.3}
------------------------------------

The solvent extracts were analyzed by Gas Chromatography (GC) using a GC system 2014 Shimadzu, Japan equipped with AOC 5000 auto injector system, fitted out with a 30 m L × 0.25 mm i.d., 0.25 μm film thickness, BPX-70 analytical column, connected to a flame ionization detector (FID). Split ratio was 1: 20, with nitrogen as carrier gas at a flow rate of 1 mL/min, while the damping gas flow was 0.3 mL/min. The initial oven temperature was set to 40 °C for 1 min. The temperature for GC oven was as follows: 120 °C hold for 4 min and ramping at 5 °C/min to final temperature 230 °C and hold for 5 min at 230 °C. The injector temperature was 250 °C and the detector temperature was 275 °C. The detectable peaks were recorded, and the retention time was confirmed.[@bib25], [@bib26]

For identification of the compounds present in VCO, a solution of standard Fatty Acid Methyl Ester (FAME) grain mix (Sigma) was injected into the GC using the same instrumental conditions. The data was evaluated by comparing the retention times of FAMEs of the sample with those of standard FAME grain mix. The areas were computed for all the peaks, and percent composition was calculated by taking area percentage of total chromatogram.

2.4. Cell viability {#sec2.4}
-------------------

MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) assay was used to determine cell viability, that reflects initial cell death. THP-1 and HaCaT cells were cultured in 96-well plates (1 × 10^4^ cells/mL) and treated with various concentrations (15.625--1000 μg/mL) of VCO. After 24 h incubation, cytotoxicity was tested by MTT (10 μL/well containing 100 μL of cell suspension; 5 mg/mL of stock in PBS) solution and the absorbance were read at 540 nm using Synergy HT multi-detection microplate reader (Bio-Tek, Winooski, VT). The non-toxic concentrations (200 and 100 μg/mL) of the test sample were taken for further experiments.

Trypan blue assay was also used to determine cell viability. HaCaT cells were cultured in 6-well plate (1 × 10^5^ cells/mL) and treated with various concentrations (100--1000 μg/mL) of VCO. After 24 h incubation, cells were trypsinized and stained with Trypan blue dye and the live cells were counted using Cell counter (Countess, Life Technologies).

2.5. ELISA for cytokine measurement {#sec2.5}
-----------------------------------

For the cytokine measurements of TNF-α, IFN-γ, IL-8, IL-6, & IL-5, THP-1 cells were seeded in 40 mm well plates with 1 × 10^5^ cells and tested in duplicates. Further, cells were subjected to LPS (1 μg/mL) for the cytokine secretion, followed by treatment with two non-toxic concentrations of VCO for cytokine suppression. The conditioned media was removed from petri plates after 24 h incubation and stored at −80 °C for further use. The conditioned media was taken for all the assays, and the amount of cytokine for each sample was determined in duplicates and the assays were conducted as per the manufacturer\'s instructions. The concentration of cytokines was determined for the unknown using a standard curve.

2.6. ELISA for involucrin and filaggrin {#sec2.6}
---------------------------------------

HaCaT cells were used for estimation of involucrin and filaggrin activity. The cells were seeded into 40 mm petri plates, treated with non-toxic concentrations of VCO and then incubated for 96 h at 37 °C respectively. Kinetin (100 μmol/mL) was used as positive control for involucrin and filaggrin ELISA. After the completion of incubation period, cell lysates for involucrin and filaggrin were collected for determination of their content respectively. All the assays were performed in duplicates as per the manufacturer\'s protocol. The concentration of involucrin and filaggrin were determined for the unknown using a standard curve.

2.7. Semi-quantitative RT-PCR {#sec2.7}
-----------------------------

THP-1 cells and HaCaT cells were treated for 24 h with two different non-toxic concentrations (200 μg, 100 μg/mL) of VCO. Total cellular RNA was extracted from THP-1 and HaCaT cells with RNA isolation kits according to the manufacturer\'s protocol for studying the expression of TNF-α, IL-6, IL-8, involucrin (INV), filaggrin (FLG) and aquaporin (AQP3). The samples were DNase treated, and first strand cDNA was synthesized using Superscript III and an oligo dT primer. Semi quantitative PCR was performed by rapid cycling using the master mix as a ready-to-use reaction mix according to the manufacturer\'s instructions. The RNA expression levels were normalized to the level of GAPDH expression. The primers used are listed in [Table 1](#tbl1){ref-type="table"}. The amplified PCR products were run in 1.5% agarose gel electrophoresis, stained with ethidium bromide and gel picture captured under UV light. Band intensities were quantified using IMAGE J software (Rasband, USA) and densitometric analysis was carried out.Table 1List of Primers used in this study.Table 1GenePrimer sequenceTNF-α(Human)Fwd 5′ - ATGAGCACTGAAAGCATGATC - 3′Rev 5′ - TCACAGGGCAATGATCCCAAAGTAGACCTGCCC - 3′IL-6 (Human)Fwd 5′ - GTACCCCCAGGAGAAGATTC - 3′Rev 5′ - CAAACTGCATAGCCACTTTC - 3′IL-8 (Human)Fwd 5′- GCTTTCTGATGGAAGAGAGC - 3′Rev 5′ - GGCACAGTGGAACAAGGACT - 3′AQP3 (Human)Fwd 5′- GGTTGATGGTGAGGAAACCA - 3′Rev 5′ - GGGACCCTCATCCTGGTG - 3′FLG (Human)Fwd 5′ - TTTCGTGTTTGTCTGCTTGC - 3′Rev 5′ - CTGGACACTCAGGTTCCCAT - 3′INV (Human)Fwd 5′ - ACTGAGGGCAGGGGAGAG - 3′Rev 5′ - TCTGCCTCAGCCTTACTGTG - 3′

2.8. Skin irritation and phototoxicity assay {#sec2.8}
--------------------------------------------

Skin irritation and phototoxicity assay was performed using NIH3T3 cells as per OECD guideline 432. Neutral red uptake assay was carried out in NIH3T3 cells to assess the cytotoxicity as described by us previously.[@bib27], [@bib28] Phototoxicity assay was carried out with NIH3T3 cells cultured in 96 well plates. The culture medium was decanted and replenished with 100 μl of VCO with 7 different concentrations ranging from 15.625 μg/mL to 1000 μg/ml. Cell control and SDS (reference standard) control was also maintained. The culture plates were incubated for one hour at 37 °C. Of the treated plates, one was exposed to UV radiation at room temperature with the highest dose of radiation which is non-cytotoxic (i.e., 5 J/cm^2^). Other plate was kept in dark box for 50 min (UV exposure time) to determine cytotoxicity (-Irr) (i.e., the control plate). Test solution was decanted and washed twice with 150 μl of buffer solution and incubated with culture medium for 18--22 h. After incubation, NRU assay was followed to determine the cytotoxicity. Further, PIF value (photo irritation factor) was determined by using formula,$$\text{PIF}\mspace{9mu}=\mspace{9mu}\frac{\text{IC}50\ \left( - \text{Irr} \right)}{\text{IC}50\ \left( + \text{Irr} \right)}$$

*In vitro* skin irritation study was also performed on the Reconstructed Human Epidermis (RHE) model as per the OECD guideline 439. The experiment was conducted as per the *INVITTOX* SKINETHIC™ SKIN IRRITATION TEST-42bis protocol. Briefly, VCO were weighed approximately 16 μl and transferred on the top of epidermis tissue, and incubated for 42 min at 37 °C with 5% CO~2~. After incubation, the treatment was washed with PBS and traces of PBS was drained with filter paper and further incubated in growth medium for 42 h at 37 °C with 5% CO~2~. After incubation, the treated tissues were transferred in the prefilled MTT solution and incubated for 3 h at 37 °C. The formazan was extracted by isopropanol and the absorbance was measured at 570 nm. The percentage viability was calculated from absorbance values at 540 nm of treated and control groups.

2.9. UV inhibitory study by reactive oxygen species assay {#sec2.9}
---------------------------------------------------------

Cells were seeded in 96-well plate with a density of 3 × 10^4^ cells per well using HAM\'S F-12 media containing 10% Fetal bovine serum and incubated overnight in CO~2~ incubator. Drug treatment was done at various concentrations (100--500 μg/mL) using HAM\'S F-12 media containing 2% Fetal Bovine Serum and incubated for 1 h in CO~2~ incubator. After drug incubation, cells were washed with sterile PBS (100 μl) and irradiated the cells in serum free HAM\'S media with a radiation dose of 200 mJ/cm^2^ of UVB irradiation. The cells were incubated with DCFDA (10 μM) containing 2% fetal bovine serum in phenol free HAM'S media and incubated in CO~2~ incubator for 30 min. After incubation, the media was removed and washed with PBS (100 μl), after which 50 μl of PBS was added and fluorescence was taken at an excitation wavelength of 488 nm and emission wavelength of 530 nm.

3. Results {#sec3}
==========

3.1. Chemical composition of VCO by GC-FID analysis {#sec3.1}
---------------------------------------------------

The composition of Virgin coconut oil (VCO) was determined by GC-FID analysis. A total of 8 fatty acids were qualitatively identified in VCO against the standard FAME mix. The constituents of VCO with their retention time and percentage composition are given in [Table 2](#tbl2){ref-type="table"} and [Fig. 1](#fig1){ref-type="fig"}.Table 2Chemical composition of Virgin coconut oil.Table 2Fatty acidRetention time (min)%Caprylic acid C8:02.978.42Capric acid C10:04.696.01Lauric acid C12:07.6750.97Myristic acid C14:011.1019.18Palmitic acid C16:014.447.12Stearic acid C18:017.522.71Oleic acid C18:118.004.73Linoleic acid C18:218.860.83Fig. 1(a) GC-FID chromatogram showing compounds of Virgin Coconut Oil. (b) GC-FID chromatogram showing compounds of FAME grain mix.Fig. 1

3.2. Cell viability assay by MTT and Trypan blue {#sec3.2}
------------------------------------------------

To determine the cytotoxic effect of VCO on THP-1 and HaCaT cells, MTT assay was carried out. The results showed that VCO at 706.53 and 787.15 μg/mL caused 50% cytotoxicity to THP-1 and HaCaT cells respectively ([Fig. 2](#fig2){ref-type="fig"}).Fig. 2Cytotoxicity effect of VCO on (a) THP-1, (b) HaCaT cells. Both the cells were treated with different concentrations of VCO and the cell viability was assessed by using MTT assay. Data are expressed as percentage of control (n = 3). Morphology of cells with/without VCO treatment under phase contrast microscope (c) Control cells (d, e) Cells treated with VCO at 200 μg/mL and 100 μg/mL respectively. Cell viability on treatment of VCO assessed by Live/Dead cell assay. The green fluorescence cells are viable cells. (f) Cell control, Cells treated with VCO (g) 200 μg/mL (h) 100 μg/mL.Fig. 2

The cell viability of VCO on HaCaT cells were also determined using Trypan blue assay ([Fig. 3](#fig3){ref-type="fig"}). The results showed that IC~50~ of VCO was found to be 712.62 μg/mL. The nontoxic concentrations of VCO was further taken for the evaluation of its anti-inflammatory activity and skin barrier function.Fig. 3Cytotoxic effect of VCO on HaCaT cells using Trypan blue staining method. Cells were treated with different concentrations of VCO (100--1000 μg/mL) and the cell viability was assessed by using Trypan blue staining. The stained cells were counted using a cell counter. Data is expressed as percentage of control (n = 2).Fig. 3

3.3. Effect of VCO on inflammatory cytokines measurements {#sec3.3}
---------------------------------------------------------

We examined whether VCO could regulate pro inflammatory cytokines such as TNF-α, IFN-γ, IL-6, IL-5, and IL-8 in THP-1 cells. In order to activate the various cytokine secretions, THP-1 cells were exposed to 1 μg/mL of LPS for 24 h. LPS increased the cytokine secretion in THP-1 cells, whereas the cytokines level was reduced in dose dependent manner by VCO in LPS stimulated THP-1 cells, the results are shown in [Table 3](#tbl3){ref-type="table"}. VCO showed 62.34 ± 3.2%, 42.66 ± 2.9%, 52.07 ± 2.0%, 53.98 ± 1.8%, and 51.57 ± 2.6% inhibition of TNF-α, IFN-γ, IL-5, IL-6 and IL-8 at higher test concentration respectively ([Fig. 4](#fig4){ref-type="fig"}). Dexamethasone (100 μM) was used as positive control which showed 76.78 ± 2.8%, 64.16 ± 2.2%, 64.62 ± 2.5%, 70.26 ± 1.9% and 66.80 ± 2.8% inhibition of TNF-α, IFN-γ, IL-6, IL-8 and IL-5 respectively.Table 3Inhibitory role of VCO on cytokines production.Table 3CytokinesVCO concentration (*μ*g/mL)% inhibitionTNF-α20062.34 ± 3.210055.79 ± 1.0IFN-γ20042.66 ± 2.910033.08 ± 1.6IL-620052.07 ± 2.010046.87 ± 2.1IL-820053.98 ± 1.810043.81 ± 1.1IL-520051.57 ± 2.610044.94 ± 3.5Fig. 4Effect of VCO on inhibition of inflammatory cytokines (a) TNF-α, (b) IFN-γ (c) IL-6 (d) IL-8 (e) IL-5 in THP-1 cells was done by ELISA. THP-1 cells were incubated with LPS alone, LPS with test samples in media containing 2% FBS for 24 h at 37 °C. Each values represented Mean ± SE of two determinations. \**p* \< 0.05 statistical comparison with cell control was performed by student *t*-test. \#*p* \< 0.05 statistical comparison with LPS was performed by student *t*-test (n = 2).Fig. 4

3.4. Effect of VCO on various epidermal markers {#sec3.4}
-----------------------------------------------

ELISA measurements revealed a steady increase in involucrin and filaggrin content in HaCaT cells after 4 days. Treatment of HaCaT cells with VCO increased involucrin content by 47.53 ± 2.1% and 32.36 ± 2.3% at 200 *μ*g and 100 μg/mL respectively ([Fig. 5](#fig5){ref-type="fig"} (a)). Kinetin was used as positive control and increased the involucrin content by 62.44 ± 2.6% at 100 μmol concentration. VCO increased filaggrin level by 40.45 ± 1.2% and 27.95 ± 2.3% at 100 and 50 μg/mL respectively ([Fig. 5](#fig5){ref-type="fig"} (b)). Kinetin increased the filaggrin content by 53.72 ± 3.1% at 100 μmol concentration.Fig. 5Effect of VCO on stimulation of epidermal differentiation marker (a) Filaggrin, (b) Involucrin in HaCaT cells was done by ELISA. HaCaT cells were incubated with VCO in media containing 2% FBS for 96 h at 37 °C. Kinetin (100 μmol)/mL was maintained as control. Each values represented Mean ± SE of two determinations. \**p* \< 0.05 statistical comparison with cell control was performed by student *t*-test (n = 2).Fig. 5

3.5. Semi-quantitative RT-PCR {#sec3.5}
-----------------------------

The isolated cDNA from THP-1 and HaCaT cells upon the treatment with VCO were amplified with specific primers for TNF-α, IL-6, IL-8 and involucrin, filaggrin and aquaporin-3. The results of semi-quantitative PCR showed the expression of TNF-α, IL-6, and IL-8 that became more pronounced on addition of 1 μg/mL LPS. Treatment with VCO at 200 and 100 μg/mL clearly reduced all cytokine mRNA expression as compared with LPS control cells. Similarly, dexamethasone showed reduced mRNA expression of TNF-α, IL-6, and IL-8 ([Fig. 6](#fig6){ref-type="fig"}). To further establish the skin barrier role of VCO, the mRNA levels for skin-related proteins/markers were checked. VCO at 200 and 100 μg/mL increased the gene expression of AQP-3, FLG, and INV in HaCaT cells ([Fig. 7](#fig7){ref-type="fig"}). The amplified products were visualized by ethidium bromide staining, that confirmed the results of semi-quantitative PCR. GAPDH gene has a constant rate of expression in the cell and hence, was used as an internal control to correct variations in different samples and also for establishing the degree of expression of given cytokines and skin related proteins by mRNA expression to the level of GAPDH mRNA expression and the densitometry analysis was carried out using Image J software.Fig. 6Effect of VCO on (a) IL-6, (b) IL-8, (c) TNF-α, gene expression in THP-1 cells. Densitometric analysis of gene transcripts shown here. For each study, cells were treated with LPS alone, LPS + test samples (at indicated concentrations), Dexamethasone (100 μg/mL) + LPS for 24 h. RNA was then isolated from the cells and RT-PCR carried out using random hexamer primers and gene specific primers as described in the [Materials and methods](#sec2){ref-type="sec"}. The image shown is a representative from among three replicates. The relative level of gene expression is normalized to GAPDH (n = 3).Fig. 6Fig. 7Effect of VCO on (a) Aquaporin, (b) Filaggrin, (c) Involucrin, gene in HaCaT cells. Densitometric analysis of gene transcripts shown here. For each study, cells were treated with different concentration of VCO and Kinetin (100 μmol/mL). RNA was then isolated from the cells and RT-PCR carried out using random hexamer primers and gene specific primers as described in the [Materials and methods](#sec2){ref-type="sec"}. The image shown is a representative from among three replicates. The relative level of gene expression is normalized to GAPDH (n = 3).Fig. 7

3.6. Skin irritation and phototoxicity assay {#sec3.6}
--------------------------------------------

VCO was non toxic to NIH3T3 cells, the IC~50~ value was found more than 1000 μg/mL as evident from NRU cytotoxicity assay ([Fig. 8](#fig8){ref-type="fig"}a). Cytotoxicity conducted in RHE also confirmed that VCO is a non skin irritant (\>50% non-irritant) ([Fig. 8](#fig8){ref-type="fig"}b). In photo toxicity studies, IC~50~ value was found to be more than 1000 μg/mL in both irradiated and non irradiated plates. PIF value was found to be 1.00 which corresponds to non-phototoxic category (PIF \< 2.00 for non-phototoxic compounds) according to OECD guideline 432. These studies clearly established that VCO is a non skin irritant and non phototoxic.Fig. 8*In vitro* skin irritation assay for VCO. a) Cytotoxic effect of VCO on NIH3T3 cells. The cells were treated with different concentrations of VCO and the cell viability was assessed by using NRU assay. b) Cell viability in RHE model. RHE was treated with VCO and the cell viability was assessed by using MTT assay.Fig. 8

3.7. Protection against UVB irradiation induced intracellular ROS {#sec3.7}
-----------------------------------------------------------------

UVB induced ROS generation plays an important role in skin ageing, inflammation and carcinogenesis. To investigate the protective effect of VCO in UVB irradiated HaCaT cells, the intracellular ROS generation was estimated using a fluorescent probe DCFDA. The UVB dose of 200 mJ/cm^2^ showed increased concentration of ROS generation compared to normal cells. As shown in [Fig. 9](#fig9){ref-type="fig"}, VCO showed concentrated dependent ROS inhibition with highest protection at 500 μg/mL.Fig. 9Effect of VCO on UVB induced reactive oxygen species (ROS) in HaCaT cells. The cells were treated with different concentrations of VCO and the percentage protection against UVB induced ROS was measured using DCFDA fluorescent probe. Data are expressed as percentage of control (n = 3).Fig. 9

4. Discussion {#sec4}
=============

The present study investigated the anti-inflammatory activity and skin protective effects of VCO. Our study showed that VCO can alter the expression of several genes concerned with inflammatory response and skin beneficiary effects. Monocytes/Macrophages play a vital role in delivering effective immune function as part of innate immunity.[@bib29], [@bib30] These cells play an important role in immunomodulation by secreting cytokines which show acute inflammatory response and inhibitory effects.[@bib31] The cytokines TNF-α, IL-1, IL-6, IL-8 and IL-10 are secreted by monocytes and have been found to be responsible for normal immune response and immunopathogenesis.[@bib32] Our research work described the effect of VCO on skin inflammation that VCO was capable of suppressing LPS induced pro inflammatory cytokine stimulation in Human monocytic leukaemia (THP-1) cells. We found that VCO suppressed the pro inflammatory cytokines in both protein and gene expression level.

Tumor necrosis factors (TNF-α) and Interleukins (IL) are pro-inflammatory cytokines responsible for inflammation, fever, tissue damage and cell death.[@bib33] TNF-α is widely studied pro inflammatory cytokine which play a key role in the pathogenesis of numerous inflammatory diseases.[@bib34] TNF is an important initiator cytokine of inflammatory responses. TNF-α has been reported to be a crucial therapeutic target in various inflammatory diseases.[@bib35] The release of TNF-α after stimulation of THP-1 cells with LPS is best availed model system to test compounds for potential anti-inflammatory effects. This study demonstrated that VCO significantly decreases the LPS-induced TNF-α production in THP-1 cells and VCO as such had very high impact on TNF-α reduction in the cell culture medium and showed significant inhibition of both TNF- α secretion and mRNA expression.

Monocytes secretes IFN-γ, IL-10, IL-12 cytokines which actively participate in cross regulatory role in the pathogenesis of infection and various inflammatory diseases.[@bib36] The most vital biological activity of interferon (IFN) is immune cell activation. IFN has been found to stimulate the activation of pro-inflammatory transcription factor Nuclear factor B (NF-kB), under particular conditions. Epidermal keratinocytes, react to proinflammatory cytokines like tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) by involving in the expression of many inflammatory mediators during the chronic inflammatory skin disorders like psoriasis and atopic dermatitis. The chemokines and the growth factors produced by these keratinocytes act as a driving force behind the accumulation and proliferation of inflammatory cells to the skin, in turn maintaining the chronic skin inflammation.[@bib37] IFN-γ plays an essential role in the generation and regulation of the immune response and it is the earliest detectable cytokine at the site of immunization with protein antigens. Apart from these effects, IFN-γ priming and activation of macrophages lead to enhanced production of proinflammatory cytokines in response to several stimuli.[@bib38] In this study, we focused on IFN-γ inhibitory activity of VCO on LPS stimulation. VCO was potent in reducing the LPS induced IFN-γ secretion and our results have demonstrated the anti-inflammatory effects of VCO on IFN-γ inhibition in THP-1 cells.

Interleukin -- 6 (IL-6), a pro-inflammatory cytokine which plays a key role in the host defense mechanism, is released by macrophages, T and B cells, endothelial cells, monocytes, fibroblasts and keratinocytes upon stimulation.[@bib39] It is also involved in growth and differentiation of dermal, epidermal and cytotoxic cells.[@bib40] IL-6 is found to be involved in epidermal hyperplasia in psoriatic epithelium, influences the functioning of dermal inflammatory cells and induces the differentiation of human Th17 cells.[@bib41] IL-6 which is induced by LPS similar to TNF and IL-1 is also involved in the programmed activation of proinflammatory cytokine.[@bib42] Our study demonstrates that VCO mediate its anti inflammatory activity by reducing the secretion of IL-6 level in LPS stimulated THP-1 cells.

IL-8, a member of chemotactic cytokine family is central to the chemotactic migration and activation of neutrophils and other cell types like monocytes, lymphocytes, basophils and eosinophils at the site of inflammation.[@bib43], [@bib44] It is one of the widely studied chemokine and hence used as a prototype for demonstrating the biological properties of the rapidly growing family of inflammatory mediators.[@bib45] In our study, we found that lipopolysaccharide (LPS) has significantly up regulated IL-8 expression in THP-1 cells. Here VCO significantly reduced the LPS induced IL-8 gene expression in a dose dependent manner.

The secretion of IL-5 is vital for eosinophilic inflammation as demonstrated in animal and human models respectively. The activated mast cells produce IL-5 leading to hypersensitive allergic reaction and activation of eosinophil.[@bib46] IL-5 in humans is not present in significant level, it is found to be in higher levels in the circulation, tissue and bone marrow under various disease conditions which include respiratory tract, hematopoietic system, gut, skin and also in food and drug allergies, atopic dermatitis, aspirin sensitivity and allergic or non allergic respiratory diseases.[@bib47] In our study LPS significantly increased IL-5 level in THP-1 supernatant medium indicating that inflammatory mechanisms were involved. This study demonstrated that VCO significantly decreases the LPS-induced IL-5 in THP-1 cells, which further confirm its anti-inflammatory effect.

On the contrary, VCO augments the protein coding genes present in the topmost layer of the epidermis which include involucrin (IVL), filaggrin (FLG), aquaporin (AQP-3) which play a major role in keratinocyte differentiation and skin barrier function. Cytokines secreted by keratinocytes and other skin inhabited cells are involved in cellular communication thus ending up with an altered barrier function of the skin. For example, cytokines manipulate the keratinocyte proliferation and differentiation, by amending the gene expression within these cells. The regulated expression of cytokines results in the complex cascade of signaling moieties which influence the keratinocyte physiology and barrier function of the skin. Uncontrolled cytokine expression can lead to dysfunction of epidermal barrier as seen in diseases like atopic dermatitis (AD) and psoriasis. The study reported that the influence of different epidermal marker which is responsible for the skin barrier/beneficial function in human keratinocytes.[@bib48]

Aquaporins (AQPs) are molecular water channel which are expressed in epithelia and endothelia in fluid transporting organs and other cell types, where they are involved in numerous physiological functions.[@bib49] The glycerol transporting function of aquaglyceroporins is involved in fat metabolism, skin hydration, wound healing, and cellular energy metabolism.[@bib50], [@bib51] Aquaporins (AQPs) are trans-membrane channels that facilitate the transport of water and small moieties across the epidermal cell membrane thus maintaining the water-ion balance within the cell. Out of thirteen AQPs found in human, AQP3 found in epidermal basal cells is the most widely studied AQP.[@bib52], [@bib53] AQP3 which is a hydrating agent also plays a vital role in maintaining osmotic gradient across viable layers of the skin.[@bib54] AQP3 has been reported to be a novel therapeutic agent in amending the immune response in numerous infectious and inflammatory conditions.[@bib55] The clinical trial results showed that VCO reduced cutaneous inflammation and increased the epidermal barrier function and hydration property by decreasing transepidermal water loss in Atopic dermatitis condition.[@bib56] Here, we found that the expression of AQP3 on HaCaT cells was up regulated upon VCO induction facilitating its functions that permits better distribution and maintenance of water, glycerol which helps in hydrating the skin.

Filaggrin is an essential protein that is required for the development of epidermal corneocytes and its intracellular metabolic generation leads to hydration of stratum corneum and balance in physiological pH. The insufficient amount of filaggrin content in patients is an important cause for pathogenic skin condition of atopic dermatitis.[@bib57] The keratins and filaggrin related proteins are important for skin barrier function. In this present study, we observed that VCO increased the filaggrin content level and our results are agreement with significant increase in filaggrin potential thereby moisturising the skin and improving the barrier function of skin.

Involucrin, a cell envelope protein is secreted in the early stages of keratinocyte terminal differentiation.[@bib58] The cross-linking of proteins with lipids to develop into cornified cell envelopes occurs in the upper layers of stratified epithelia during late stages of differentiation.[@bib58] Involucrin in human is an important precursor for envelope formation and cellular cohesion acting as a major substrate for enzymes.[@bib59] The down regulation of INV gene leads to structural anomalies of skin and hair.[@bib58], [@bib60] Higher levels of involucrin expression in epidermis accounts for enhanced skin barrier function. Our study revealed that VCO increased the involucrin content level and also up regulated the mRNA expression level in HaCaT cells and thereby it can promote the cell envelop formation and cohesion.

Cell cytotoxicity and phototoxicity assays are commonly used *in vitro* bioassay methods to predict the toxicity of substances in various tissues and the ability of a chemical to elicit a corrosive response is easily predicted using appropriate end points because they demonstrate the degree of damage caused by the chemical.[@bib61] In the present study, we used RHE model and NIH3T3 cells to determine the cytotoxic effect of VCO by MTT and NRU assays respectively. MTT and NRU assays on RHE and NIH3T3 cells respectively is an OECD approved technique to determine the cytotoxicity of test materials to determine skin irritation.[@bib27] Photo irritation factor (PIF) helps determine the photoxicity potential of topical formulations. In the present study, VCO was found to be non-cytotoxic with IC~50~ value above 1000 μg/mL and non phototoxic with PIF value lesser than two. These studies showed that VCO is non skin irritant and non phototoxic and safe to be used for topical applications.

Intracellular reactive oxygen species (ROS) produced due to UVB irradiation plays a key role in inflammation, aging and cancer. The photoprotective effects of plants and plant extracts are well reported.[@bib62], [@bib63] Also earlier reports shows that herbal oils has the ability to protect against UVB irradiation.[@bib64], [@bib65] In the present study, VCO showed concentration dependent protection against intracellular ROS produced by UVB irradiation. The result shows that VCO protects against UVB irradiation and has anti-inflammatory action which makes it an important ingredient in formulations and warrants further clinical studies.

In summary, the present study demonstrates that topical application of VCO bring anti inflammatory activity by inhibiting the various cytokine levels including TNF-α, IFNγ, IL-6, IL-5 and IL-8 and improves skin barrier function by up regulating AQP-3, filaggrin and involucrin mRNA expression and also by protecting against UVB irradiation. Therefore, VCO could be useful in treating skin disorders with permeability barrier dysfunction, especially those accompanied by reduced epidermal protein expression, such as atopic dermatitis, eczema.
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